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The lightning generated by explosive volcanic eruptions is of interest not only as a promising technique 
for monitoring volcanic activity, but also for its broader implications and possible role in the origin of life 
on Earth, and its impact on the atmosphere and biosphere of the planet. However, at present the genetic 
mechanisms and physical properties of volcanic lightning remain poorly understood, as compared to our 
understanding of thundercloud lightning. Here, we present joint magnetotelluric (MT) data and video 
imagery that were used to investigate the physical properties of electrical discharges generated during 
explosive activity at Sakurajima volcano, Japan, and we compare these data with the characteristics of 
thundercloud lightning. Using two weeks of high-sensitivity, high-sample-rate MT data recorded in 2013, 
we detected weak electromagnetic signals radiated by volcanic lightning close to the crater. By carefully 
inspecting all MT waveforms that synchronized with visible ﬂashes, and comparing with high-speed 
(3000 frame/s) and normal-speed (30 frame/s) videos, we identiﬁed two types of discharges. The ﬁrst 
type consists of impulses (Type A) and is interpreted as cloud-to-ground (CG) lightning. The second type 
is characterized by weak electromagnetic variations with multiple peaks (Type B), and is interpreted as 
intra-cloud (IC) lightning. In addition, we observed a hybrid MT event wherein a continuous weak current 
accompanied Type A discharge. The observed features of volcanic lightning are similar to thunderstorm 
lightning, and the physical characteristics show that volcanic lightning can be treated as a miniature 
version of thunderstorm lightning in many respects. The overall duration, length, inter-stroke interval, 
peak current, and charge transfer all exhibit values 1–2 orders of magnitude smaller than those of 
thunderstorm lightning, thus suggesting a scaling relation between volcanic and thunderstorm lightning 
parameters that is independent of the type of charged particles. On the other hand, the polarities, which 
are estimated by long-time (3.4 yrs) MT (32 samples/s) and video (30 frame/s) observations, are different 
than those of normal thunderstorm lightning. These observations are consistent with the notion that 
charge structures in volcanic ash plumes are highly disordered and are characterized by numerous small 
charged regions with high charge density.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Explosive volcanic eruptions frequently generate lightning
within and around the eruptive plume. Volcanic lightning is a 
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plume electriﬁcation include fractoemission, particle–particle col-
lisions, boiling of water and the presence of ice and ice-coated 
particles in the eruptive column (e.g., Buttner et al., 2000; James 
et al., 2000; Mather and Harrison, 2006; Thomas et al., 2007;
James et al., 2008), all of which may result in volcanic lightning 
by the separation of electrically charged particles. Since a sci-
entiﬁc report on the 1963 eruption of Surtsey volcano, Iceland 
(Anderson et al., 1965), volcanic lightning has been documented 
intermittently (Brook et al., 1974; Mather and Harrison, 2006; 
James et al., 2008; McNutt and Williams, 2010). Volcanic lightning under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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weather conditions (McNutt and Davis, 2000; Behnke and McNutt, 
2014), and also to investigate inner plume dynamics (Behnke and 
Bruning, 2015). Particle electriﬁcation and discharge (lightning) 
inﬂuence the aggregation of ash particles and ash transport dy-
namics (Carey and Sigurdsson, 1982; Mather and Harrison, 2006;
James et al., 2008). Furthermore, volcanic lightning may impact 
the Earth’s environment (and that of other planets) by ﬁxing ni-
trogen in a variety of chemical forms, as NO, NO2, HNO3, and NH3
(Mather et al., 2004a). Such NOx species have a signiﬁcant impact 
on ozone concentrations in the atmosphere, and on the fundamen-
tal conditions required for the origin and early evolution of life on 
Earth (Navarro-Gonzalez et al., 1998). However, advancements in 
our understanding of volcanic lightning, and their impact on the 
atmosphere and biosphere, have been hampered by our limited 
understanding of the genetic mechanisms and physical parameters 
of volcanic lightning.
To understand the physical mechanism of volcanic lightning, 
one useful approach is to compare and contrast with thunder-
storm lightning, which has been studied in increasing detail for 
decades (e.g., Rakov and Uman, 2003). Based on studies of thunder-
storm lightning, particularly the well-studied cloud-to-ground (CG) 
type, the physical cycle of a lightning discharge can be summarized 
as follows: (1) collisions of hydrometeors result in electriﬁcation; 
(2) the electric ﬁeld intensiﬁes due to particle (and hence charge) 
separation; (3) dielectric breakdown of air results in the develop-
ment of a conducting channel of ionized gas (a column of charge), 
called a stepped leader, which propagates in a stepped manner; 
and (4) rapid transfer of electric charge, the so-called return stroke, 
which is accompanied by bright optical ﬂashes. Processes (3) and 
(4) can occur more than once in a single lightning event. In the 
case of a partially conducting condition of the return stroke chan-
nel, a dart leader can be generated, which propagates more rapidly 
than the stepped leader. A return stroke is often followed by a rel-
atively weak continuing current that persists for tens to hundreds 
of milliseconds. To date, there has been a lack of observational 
evidence enabling comparisons of the processes of volcanic and 
thundercloud lightning.
In the past 10 yrs, modern lightning detection techniques, 
based on electromagnetic (EM) ﬁeld radiation in the very high 
frequency (VHF) range (30 MHz–0.3 GHz), have been used to 
study Augustine, Redoubt, and Eyjafjallajökull volcanoes (Thomas 
et al., 2007; Behnke et al., 2013, 2014). Using a VHF array net-
work and the time-of-arrival technique, VHF sources can be lo-
cated with high precision. Because VHF radiation is generated by 
dielectric breakdown (e.g., Rakov and Uman, 2003; Behnke and 
McNutt, 2014), the development of the lightning channel is esti-
mated from the spatio-temporal evolution of VHF sources. Due to 
its high sensitivity, even a single VHF station is useful in detecting 
the occurrence of lightning; thus, VHF measurement is a powerful 
technique in studies of volcanic lightning in particular. However, 
VHF radiation signiﬁcantly weakens when the source is not within 
line-of-sight of the observation point, and VHF sources are essen-
tially not radiated when very strong current ﬂows are associated 
with process (4). Therefore, in order to capture the complete light-
ning cycle, it is also necessary to observe the electromagnetic (EM) 
ﬁeld at lower frequencies.
Array networks capable of observing radio pulses in the very 
low frequency range (VLF: 3–30 kHz) have been widely used to 
monitor thunderstorm lightning. Because VLF signals travel long 
distances in the waveguide formed between Earth’s surface and the 
ionosphere, these systems cover wide areas and can occasionally 
be used to detect electrical activity associated with volcanic erup-
tions. For example, ATDnet, which operates in the UK in a narrow 
frequency band (∼10–14 kHz), detected volcanic lightning during 
the 2010 Eyjafjallajökull eruption in Iceland (Bennett et al., 2010;Arason et al., 2011). Compared with VHF observations, VLF obser-
vations have the advantage of detecting return strokes associated 
with CG lightning. However, the station coverage in a VLF net-
work is typically too sparse for long-range detection. Weak EM 
radiation events, originating close to the active vent, are there-
fore rarely detected (Bennett et al., 2010). Furthermore, when the 
source and observation sites are several hundreds of kilometers 
apart, VLF waveforms are strongly inﬂuenced by the properties of 
the propagation path (e.g., Rakov and Uman, 2003). Although a VLF 
lightning detection network is useful for detecting large eruptions, 
a custom-designed observation system is needed to study all of the 
physical processes involved in volcanic lightning. Such regional VLF 
networks have been deployed to study thunderstorm lightning in 
Florida, USA (Shao et al., 2006), Alabama, USA (Bitzer et al., 2013), 
and Europe (Betz et al., 2009), but such a network has not been 
previously deployed around an active volcano.
Magnetotellurics (MT) is a method commonly used to image 
subsurface electrical resistivity structure (e.g., Simpson and Bahr, 
2005) and its temporal changes (e.g., Aizawa et al., 2011). The 
MT method, which usually measures two horizontal electric ﬁeld 
components and three magnetic ﬁeld components at the Earth’s 
surface, has recently been used to study volcanic lightning at Saku-
rajima volcano, Japan (Aizawa et al., 2010). Although the time res-
olution depends on the sampling rate, MT covers broad-band EM 
signals with a high dynamic range (24 bit A/D conversion), and 
therefore can detect weak signals whose amplitudes are smaller 
than military VLF noise. As compared with conventional antennas 
used in thunderstorm lightning research, the unique and valuable 
aspect of MT is that it reproduces true waveforms in real physical 
units; this is because the frequency characteristics of the sensors 
and the data logger are all accurately determined in the labora-
tory. With the MT method, it is possible to determine the timing 
and polarity of lightning by measuring electromagnetic ﬁeld vari-
ations caused by volcanic lightning, even at distances of several 
kilometers. However, due to the low sampling rate (as low as 15 
samples per second (sps)), the previous study (Aizawa et al., 2010)
could not investigate the physical properties of the volcanic light-
ning cycle; e.g., waveform, electric current, and duration.
In this study, we present new MT data recorded at higher 
sampling rates (32 sps and 65,536 sps), which are visually cor-
related with normal and high-speed video observations (at 30 and 
3000 frames per second (fps), respectively) in order to study the 
properties of vent discharges and near-vent lightning (Thomas et 
al., 2012; Behnke et al., 2013) at Sakurajima volcano, Japan. The 
high-speed (HS) camera is a powerful tool for investigating the 
spatio-temporal characteristics of lightning development, and it 
has recently been applied to thunderstorm lightning research (e.g., 
Mazur et al., 1995; Ballarotti et al., 2005). Recent HS video observa-
tions of volcanic lightning at Sakurajima volcano (Cimarelli et al., in 
press) conﬁrm the presence of stepped leaders and return strokes. 
However, the time scale of return strokes, return stroke multiplic-
ity, the existence of continuing current, and the electromagnetic 
parameters that characterize volcanic lightning have yet to be in-
vestigated. Here, we provide observational evidence that allows a 
comparison of the processes of volcanic and thunderstorm light-
ning, and we derive estimates of the physical properties of volcanic 
lightning, especially electromagnetic ﬁeld variations. In addition, 
we report on the polarities of volcanic lightning and the inclina-
tions of lightning paths relative to wind directions, examined over 
a period of 3.4 yrs, using both MT (32 sps) and video (30 fps) ob-
servations.
2. Observations
Sakurajima volcano is one of the most active volcanoes in Japan. 
After June 2006, volcanic activity shifted from Minami-dake crater 
K. Aizawa et al. / Earth and Planetary Science Letters 444 (2016) 45–55 47Fig. 1. Topographic map showing the locations of MT (open squares) and video sta-
tions (solid squares) at Sakurajima volcano, Japan. Eruptive vents are indicated by 
thick solid lines. Contour interval is 200 m.
(at the summit) to the persistently active Showa crater, 500 m 
east of the summit (Fig. 1). According to the Japan Meteorological 
Agency (JMA), 1097 eruptions occurred at Showa crater in 2013, 
while no eruptions were recorded in 2013 at Minami-dake crater. 
Videos of volcanic lightning were recorded from the Kurokami ob-
servatory of Kyoto University (KUR), located 3.5 km east of Showa 
crater, with a direct view of the Showa crater rim. MT data were 
recorded at two sites, approximately 2.2 and 3.5 km from Showa 
crater, respectively (Fig. 1).
The MT data and video recordings are divided into two datasets 
based on record duration and sampling rate. The ﬁrst dataset was 
obtained between December 2011 and April 2015. In this period, 
MT data were continuously recorded at 32 sps by two Metronix 
ADU07 systems, which record ﬁve GPS-synchronized electromag-
netic time series (two horizontal electric ﬁelds, two horizontal 
magnetic ﬁelds, and a vertical magnetic ﬁeld). Additionally, we 
developed a video recording system at KUR. Time-synchronized 
video was digitally captured and recorded continuously in HDD 
at normal speed (NS, 30 fps) using a high-sensitivity camera (Hi-
tachi KP-DE500, Hitachi Kokusai Electric) and a PC. Time-stamped 
video frames were obtained using a time code generator with a 
GPS clock, as in the work of Yokoo et al. (2009).
The second dataset was obtained between late October and 
early November 2013. During October 26, November 5, and 
November 10–12, MT data were recorded at 65 ksps (65,536 sps) 
using induction coils (MFS07 and MFS07e) whose frequency re-
sponses were calibrated to 60 kHz in the laboratory. During this 
period, time-synchronized videos were recorded at frame rates of 
1000 and 3000 fps by two high-speed (HS) cameras (Vision Re-
search Phantom v710 and v711) and an IRIG-B GPS time-signal 
generator. The time precision of the GPS time system is within 
20 ns. The exposure time of the sensor is chosen in proportion 
to the sampling rate (0.333 ms in the case of a sampling rate of 
3000 fps). HS video recordings were manually triggered by the 
occurrence of any visible ﬂash associated with the ash plume 
(Cimarelli et al., in press). Continuous observations of electric ac-
tivity in the plume were made possible by the NS (30 fps) camera. 
In addition, we recorded infrasound data at KUR to characterize 
the explosivity of the eruptions.
In this study, we processed raw 24-bit MT time series data by 
applying a Fourier transform and incorporating the frequency re-
sponses of the logger and induction coils. Time series (in physical 
units of V/m and nT) were then obtained by an inverse Fourier transform. DC and low-frequency variations were removed by ap-
plying a high pass ﬁlter which cuts the signal in the frequen-
cies lower than 0.3 Hz. Therefore, using 65-ksps observations, 
we reproduced the true EM waveform in the frequency range of 
32 kHz–0.3 Hz, which covers VLF (3–30 kHz), ULF (0.3–3 kHz), SLF 
(30–300 Hz), and ELF (3–30 Hz) ranges. In addition, we eliminated 
VLF military noise in the 65 ksps time series by applying a digital 
notch ﬁlter (Fig. 2). Notch ﬁltering is essential for delineating weak 
EM radiation.
3. Physical properties of volcanic lightning
3.1. Constraints from high-rate data sampling
During the 2013 campaign, simultaneous MT and video data 
(NS and HS) were successfully recorded for nine eruptions. Two 
additional eruptions on November 11 were only recorded at site 
MTK and by NS video (Table 1). We carefully examined the MT 
time series corresponding to times when the NS videos showed 
visible ﬂashes, and observed MT signals above background noise 
levels for 100 of 111 (90.1%) recorded optical ﬂashes. Note that 
the HS-camera captured more optical ﬂashes than the NS-camera 
(Cimarelli et al., in press). After careful inspection of all MT wave-
forms coinciding with visible NS video ﬂashes, we recognized two 
types of discharge events, herein referred to as Type A and Type B. 
A waveform for a Type A event consists of 1–9 unipolar impulses, 
each having durations on the order of a few tens of μs. In these 
events with multiple impulses, the duration from the ﬁrst to the 
last impulse is approximately 1–8 ms (Figs. 2b and 3). Type B 
exhibits multiple peaks and the repose between each peak is in-
distinct (Fig. 2c). The total duration of Type B discharges is ap-
proximately 0.5–4 ms, and the magnetic ﬁeld components usually 
favor one polarity. The durations of Type B discharges are much 
longer than each impulse in Type A waveforms, but they are usu-
ally shorter than the total duration of a Type A event (Figs. 2
and 3).
Fig. 4 shows an example of HS video and corresponding MT 
time series data for a Type A discharge. A small optical emission 
and dark dielectric breakdown signature are seen in frame 2 of the 
video, which corresponds to the onset of EM radiation. A unipo-
lar impulse ﬁrst occurs when a bright emission is recorded in the 
video (frame 3). Another pulse is recorded in concomitance with a 
much brighter emission (frame 7). These two frames of the video 
show a possible connection between the lightning channel and the 
ground at different points. Based on the correspondence between 
the optical lightning shape and the MT waveform, we infer that 
Type A events can be categorized as CG. Very bright optical ﬂashes 
in NS videos always coincide with Type A signals, supporting this 
hypothesis. CG lightning in thunderstorms is similar to Type A, in 
that it shows single or multiple strong impulses that correspond 
to return strokes. However, it should be noted that thunderstorm 
lightning also shows weak impulses from other charge-moving 
processes in a cloud (e.g., Rakov and Uman, 2003). Given the lim-
ited statistics presented in this study, we cannot a priori discard 
the possibility that Type A waveforms can also be produced by IC 
discharges in volcanic lightning.
From the polarities of magnetic ﬁeld variations, and assuming 
that the electric current ﬂows vertically, we determined the po-
larity of Type A discharges observed during the 2013 campaign. 
A total of 31 of 42 (74%) Type A discharges were lightning trans-
ferring negative charge to the ground. Both positive and negative 
polarities were observed during a single eruption. Note that the 
impulses in Figs. 2–4 are all interpreted as −CG lightning, which 
lowers negative charge to the ground.
The durations of Type A lightning (1–8 ms) are short relative 
to CG lightning in thunderstorms, which lasts for tens to hundreds 
48 K. Aizawa et al. / Earth and Planetary Science Letters 444 (2016) 45–55Fig. 2. Notch ﬁltering applied to 65 kHz sampled MT data for eliminating military VLF noise. (a) Raw and notched spectra of the N–S electric ﬁeld (Ex) and E–W geomagnetic 
ﬁeld (By) at site SRH. Horizontal axis has a logarithmic scale. Following the usual MT convention, the north (x), east (y), and downward (z) ﬁelds are assigned positive 
values. The codes noted above each peak show military signals for submarine communications. (b) MT data showing an example of volcanic lightning at 21:31:59.2 JST, 
30 October 2013. The upper and lower panels are raw and notch ﬁltered waveforms, respectively. The waveform consists of ﬁve impulses. We refer to such waveforms as 
Type A discharges in the text. (c) MT data showing an example of volcanic lightning at 21:32:17.3 JST on 30 October 2013. The waveform is like an EM variations with 
multiple peaks that continues for ∼1 ms; we refer to such waveforms as Type B discharges in the text.
Table 1
Studied eruptions and occurrences of volcanic lightning.
Eruption start time 
(JST/UTC + 9)
Plume height 
(m above 
crater)
Maximum amplitude of 
infrasound record at Kurokami 
(Pa)
Number of ﬂashes 
seen in NS (30 fps) 
video
Type of MT waveform
Type A (and 
total pulses)
Type B Signal 
undetectable
10/27/2013 19:32 1600 121 6 2 (3) 3 1
10/27/2013 20:56 2000 212 6 1 (3) 4 1
10/27/2013 22:04 2200 418 12 0 8 4
10/30/2013 0:02 1400 31 3 1 (1) 2 0
10/30/2013 1:36 1800 52 2 1 (1) 1 0
10/30/2013 20:45 1800 59 4 1 (1) 3 0
10/30/2013 21:30 2400 128 22 15 (39) 6 1
11/11/2013 19:46a 1600 <1 8 1 (9) 5 2
11/11/2013 19:48a 1800 <1 48 20 (61) 26 2
Notes: Visible ﬂashes observed in 30 fps movies and corresponding EM discharge types in 65 kHz sampling MT data. In Type A column, the number of ﬂashes and total 
number of pulses are shown, respectively. Some ﬂashes are not accompanied by a signiﬁcant MT signal (i.e., not above background noise levels). Data of plume height is 
obtained by JMA.
a Eruptions for which MT data are only available from station MTK.of ms (Berger et al., 1975; Rakov and Uman, 2003; Ballarotti et al., 
2012). Although afterglow persists for up to 200 ms in NS videos 
and 26 ms in HS videos (Cimarelli et al., in press), a corresponding 
MT signal was not detected. This afterglow may represent high-
temperature regions in the lightning path, and its brightness and 
duration in the recordings may depend strongly on camera sen-
sitivity. We therefore do not discuss afterglow duration further 
here.
Assuming a magneto-static approximation associated with a 
vertical electric current (Rakov and Uman, 2003), the relationship 
between observed magnetic ﬁeld (T ) and electric current (a cur-
rent dipole) along the lightning path can be expressed as
B(r) = μ0
2πr
[
Hm
R(Hm)
]
I, (1)
where I is the current of the CG lightning, r is the distance be-
tween the point struck by lightning and the observation site, Hm is 
the vertical length of the lightning, and R(Hm) is the distance between the lighting top and the observation site. A Type A dis-
charge, interpreted as CG, is visible at 21:32:55.7 Japan Standard 
Time (JST) on 2013-10-30 in the 30 fps video (Fig. 3). The appar-
ent vertical length is ∼300 m. This event is very bright, but not 
unusual among NS video recordings between December 2011 and 
April 2015. At station SRH, the amplitudes of B ﬁeld pulses in the 
65 kHz sampling records are approximately 20 ·10−9 T. Letting r =
R(Hm) = 3500 m, and Hm = 300 m, the observed B(r) from the 
MT yields an estimated I = 2 kA. Repeating this calculation for the 
event of Fig. 4 (with Hm = 100 m, B = 5 · 10−9 T) yields I ∼ 1 kA, 
which is smaller by 1–2 orders of magnitude than typical val-
ues for −CG return strokes in thunderstorms (Berger et al., 1975;
Rakov and Uman, 2003; Visacro et al., 2004). From Fig. 3c, the 
calculated charge transfer of the return stroke is ∼0.05 C, which 
is also smaller by two orders of magnitude than typical thun-
derstorm values (Berger et al., 1975; Rakov and Uman, 2003;
Visacro et al., 2004).
K. Aizawa et al. / Earth and Planetary Science Letters 444 (2016) 45–55 49Fig. 3. Type A MT waveform associated with volcanic lightning at 21:32:55.7 JST on 30 October 2013. (a) The 65 kHz MT data recorded at stations SRH and MTK (Fig. 1).
(b) Close-up of the pulse indicated by the vertical arrow in (a). The signal arrived at both MT sites simultaneously, to within the limit of time resolution. (c) Consecutive 
frames from the NS (30 fps) video for the event in (a). The frame interval is 33.3 ms. Note that corresponding HS video does not exist for this event.Fig. 5 shows an example of MT time series and high-speed 
images of two Type B discharges. The two EM variations with 
multiple peaks (Type B discharges) correspond to relatively bright 
optical emissions. As the terminations of the lightning paths do 
not touch the ground (as observed in the HS videos), we inter-
pret Type B events as IC. All NS videos from the 2013 campaign 
show no Type B discharges corresponding to CG lightning. The 
waveforms of Type B may be similar to those of IC lightning in 
thunderstorms (e.g., Kitagawa and Brook, 1960; Zhu et al., 2014). 
From MT data, the total durations of Type B discharges are ∼0.5–4 
ms, which is, again, two orders of magnitude smaller than typ-
ical values for IC lightning in thunderstorms (Rakov and Uman, 
2003).
In addition to isolated Type A and B events, a rare third type 
of waveform (showing continuing change) was found. Fig. 6 shows 
MT data recorded at 19:49:8.7 JST on 11 November 2013, 58 s after 
the onset of the eruption. Both Type B and Type A discharges were 
observed in a time lapse of 20 ms. From the NS video, we interpret 
Type B as IC and Type A as CG. A rare feature of this sequence is a 
slow change in the magnetic ﬁeld that lasts ∼5 ms after the Type 
A discharge. Because magnetic ﬁeld variations are primarily related 
to the electric current in the lightning path, this observation indi-
cates the presence of a weak continuing current. In thunderstorm 
lightning studies, a continuing current (CC) is deﬁned as a rela-
tively small current that persists after the return stroke, and its du-
ration can be classiﬁed as “long” (t > 40 ms), “short” (10 ms < t ≤
40 ms), or “very short” (3 ms < t < 10 ms) (Ballarotti et al., 2005). 
One notable feature of the CC is a large electric charge transfer, 
comparable to those of return strokes. From the magnetic ﬁeld 
change in Fig. 6, using equation (1) with R(Hm) = 2200 m and 
Hm = 300 m, the average electric current is calculated as ∼20 A. 
Charge transfer is thus 20 A · 5 ms = 0.1 C, comparable to the re-
turn strokes in Figs. 3–4. Thus, volcanic lightning is also similar to 
thunderstorm lighting in that it presents an accompanying CC, but 
its electric current and charge transfer are 1–2 orders of magnitude 
smaller than those of thunderstorm lightning (Fisher et al., 1993;
Rakov and Uman, 2003). In addition, there may be a difference in 
the timing of occurrence of the CC. In Fig. 6, CC begins 0.3 ms be-
fore the Type A impulse (i.e. the return stroke). On the other hand, 
CC waveforms in thunderstorm lightning have been observed fol-
lowing the ﬁrst return stroke (Fisher et al., 1993).3.2. Constraints from low-rate data sampling
We also analyzed 32 Hz MT data from eruptive events recorded 
between December 2011 and April 2015. During this time, MT 
data from 588 eruptions were recorded at both MT stations, along 
with NS video of the active crater. Due to the low sampling rate 
(32 Hz), Types A and B cannot be distinguished because all sig-
nals are recorded as pulses. These were previously referred to 
as “MT pulses” by Aizawa et al. (2010). In this study, we used 
MT data from 5 min before to 10 min after the eruption on-
set (deﬁned as the time when the ash plume emerged from the 
crater rim, as observed in the videos), and deﬁned MT pulses 
as cases where amplitudes of horizontal electric and horizontal 
geomagnetic ﬁelds at both observation sites simultaneously ex-
ceeded 0.003 mV/m and 0.03 nT, which are approximately ten 
times higher than the background EM variations in the 32-sps time 
series. By using amplitude ratios of Bx and B y at each site, we 
used magnetic ﬁeld direction ﬁnding to estimate the source lo-
cations of EM radiators. This is essential to discriminate volcanic 
lightning from distant thunderstorm lightning or artiﬁcial noise. 
We did not use electric ﬁelds in this step, because they possibly in-
clude a substantial induction effect (e.g., Simpson and Bahr, 2005;
Chave and Jones, 2012); thus, we believe that the electric ﬁeld can-
not be explained solely by voltage differences resulting from direct 
electric current injection into the earth (Kitagawa, 2005). Rather, 
the ﬁeld is also inﬂuenced by EM induction. Fig. 7a shows the es-
timated source locations. Since volcanic lightning paths are not al-
ways vertical, the estimated source locations are scattered around 
the crater. According to the theory of magnetic direction ﬁndings 
(Uman et al., 1980), the error of the estimated direction increases 
as the lightning path is increasingly oblique to the vertical axis and 
trends parallel to a line from the crater to the observation site. On 
the other hand, the direction error is negligible when the light-
ning path is oblique to the vertical axis and trends perpendicular 
to a line from the crater to the observation site. At Sakurajima, the 
ENE–WSW-trending distribution is due to a relatively poor source 
direction determined from station SRH, which is explained by as-
suming that lightning paths tend to be inclined to station SRH (i.e., 
the N–S direction). It should be noted here that the N–S direc-
tion is approximately consistent with the prevalent wind direction 
(NNW–SSE) around Sakurajima volcano. From the estimated EM 
radiators (Fig. 7a), it is apparent that the lightning paths tend 
50 K. Aizawa et al. / Earth and Planetary Science Letters 444 (2016) 45–55Fig. 4. MT time series and corresponding HS-video (3000 fps) beginning at 19:32:34.4 JST on 27 October 2013. (a) MT data at site SRH. The discharge is classiﬁed as Type A, 
and includes two pulses. Numbers (1–14) correspond to frame numbers shown in (b). (b) Time-lapse pictures taken from HS-video. The time interval between each frame 
is 0.333 ms. The Showa crater rim is indicated in frame 1 by a solid line. Frames 2–14 are close-ups of frame 1. Black strings correspond to the bright part of the lightning 
path. Brighter strokes that possibly connect from cloud to ground are found in frames 3 and 7. The locations struck by lightning in frames 3 and 7 are different in each case.to be inclined relative to the vertical axis, toward the dominant 
wind direction around Sakurajima, which in turn coincides with 
the prevalent dispersal direction of volcanic ash. In this study, we 
assumed that all EM radiator locations within 2.0 km of Showa 
crater were caused by volcanic lighting. Thunderstorm lightning 
within a 2-km radius of the crater is considered to be negligible, 
mainly because we used MT data when the crater was visible from 
the KUR site; i.e., under clement weather conditions. The pres-
ence of artiﬁcial noise within 2 km of the crater is also unlikely, 
as no electric facilities exist in this area. Employing this criterion, 
533 total MT pulses were identiﬁed in 163 of the 588 eruptions 
recorded. When identiﬁed on NS video, these pulses corresponded 
to bright, possibly CG lightning. Fig. 7b shows the temporal distri-
bution of pulses relative to time since eruption onset. Both positive 
and negative MT pulses occurred at Sakurajima volcano, making 
up 34.3% and 65.6% of the total pulses, respectively. This polar-
ity distribution differs from that of usual thunderstorm lightning, 
in which negative CG lightning is typically dominant (Rakov and 
Uman, 2003).4. Discussion
Before making further comparisons with thunderstorm light-
ning, we note here that our observations correspond only to spe-
ciﬁc types of volcanic lightning. According to the classiﬁcation pro-
posed by Thomas et al. (2012), based on observations of Augustine 
volcano, the volcanic lightning events reported here are most likely 
“vent discharges” or “near-vent discharges” that occur during vol-
canic plume growth. “Plume lightning” events (i.e., lightning that 
forms inside and around large plumes) were not observed in this 
study. Plume lightning is possibly caused by the charging of collid-
ing ash nuclei coated with ice (Thomas et al., 2007, 2012), but ice 
formation is unlikely in the erupted plume of the studied eruptions 
(Cimarelli et al., in press). It should also be noted that “very small 
ﬂashes (sparks)” of centimeter to meter length, as generated in 
particle-laden jet experiments by Cimarelli et al. (2014), may well 
be generated at Sakurajima. However, these fall below the limit of 
detection of our systems, and therefore they cannot be accounted 
for in this study. Indeed, 9.9% of visible ﬂashes in NS videos, which 
K. Aizawa et al. / Earth and Planetary Science Letters 444 (2016) 45–55 51Fig. 5. MT time series and corresponding HS-movie beginning at 22:04:09.2 JST on 27 October 2013. (a) MT data at site SRH. The discharge is Type B, in which two EM 
variations are found. The durations of Type B discharges are much longer than each pulse in Type A waveforms. (b) Still frames taken from HS-movie. The black dots are 
volcanic ejecta. Two relatively bright IC ﬂashes are found in frames 2 and 5.
Fig. 6. MT time series and corresponding NS video, beginning at 19:49:8.7 JST on 11 November 2013. (a) MT data at site MTK. Discharges are labeled with their interpreted 
types. Lower panel shows a close-up of magnetic ﬁeld recordings, in which a continuing current lasts for ∼5 ms. (b) Consecutive frames from 30 fps video, showing the 
events of panel (a). The frame interval is 33.3 ms.are relatively small and less bright, had no detectable MT signature 
(Table 1).
Volcanic lightning at Sakurajima is similar to thunderstorm 
lightning in that it shows leaders, multiple return strokes, and 
continuing current. Comparative physical properties of negative 
CG thunderstorm lightning and volcanic lightning at Sakurajima 
are summarized in Table 2. The parameter ranges for volcanic 
lightning were determined from all data in our possession, in-cluding detailed analyses of high-speed videos (Cimarelli et al., 
in press). The parameters of thunderstorm lightning were taken 
from previous studies (Berger et al., 1975; Rakov and Uman, 2003;
Visacro et al., 2004; Ballarotti et al., 2012, and references therein). 
In this study, we do not discuss the physical properties of IC 
type lightning, due to complicating factors that include (1) com-
plex lightning path, (2) complex waveforms, and (3) weak sig-
nals.
52 K. Aizawa et al. / Earth and Planetary Science Letters 444 (2016) 45–55Fig. 7. Locations of EM radiators and histograms of EM pulses, possibly from CG volcanic lightning, December 2011 to April 2015. (a) Locations of EM radiators (red cross 
symbols) estimated by magnetic ﬁeld direction ﬁnding. EM radiators within the dashed circle (2 km radius) are interpreted as volcanic lightning. The inset rose diagram 
shows the dominant wind directions (North to South) measured at the Japan Meteorological Agency branch oﬃce in Kagoshima city. (b) Histogram of MT pulses located 
within the circle in (a). Positive and negative MT pulses, interpreted as +CG and −CG lightning, are shown on the upper and lower plots, respectively. MT pulses before 
eruption onsets are possibly either from plumes emitted before the eruption onset, or from sources unrelated to volcanic lightning.
Table 2
Comparison of volcanic lightning and thunderstorm lightning.
Parameter Volcanic lightning at Sakurajima Thunderstorm lightning
Overall Duration 0.1–8 ms 200–300 ms
Interstroke interval 1–5 ms 60 ms
Number of return strokes per ﬂash 1–9 (2.8 in 50%)a 1–18 (5.2 in 50%)
Length 10–495 mb 7000 m
Polarity 26% (34%) positive 10% positive
74% (66%) negative 90% negative
Dielectric breakdown Speed (length/duration) 1.2 · 105 m/sb 2 · 105 m/s
Return stroke Duration 30 μs (to the end) 70–80 μs (to half-peak value)
Peak current 2 kA 30 kA (half-peak value)
Charge transfer 0.05 C 5 C
Continuing current Duration 5 ms −200 ms
Magnitude 20 A −200 A
Charge transfer 0.1 C −20 C
Notes: Physical parameters of cloud-to-ground (CG) volcanic lightning at Sakurajima, and corresponding typical properties of CG thunderstorm lightning. Polarities in paren-
theses are estimated from December 2011 to April 2015. Other values are estimated from campaign observations in 2013.
a Number of return strokes per optical ﬂash at Sakurajima, as estimated from the multiplicity of Type A discharges. Note: it is also possible that Type A waveforms can be 
produced by IC discharge.
b Data are from another paper (Cimarelli et al., in press). Typical parameters in thunderstorm lightning are taken from previous studies (Berger et al., 1975; Rakov and 
Uman, 2003; Visacro et al., 2004; Ballarotti et al., 2012, and references therein).The data presented in Table 2 are consistent with the sug-
gestion that the volcanic lightning recorded in this study is a 
miniature-scale equivalent of thunderstorm lightning in many re-
spects. The overall duration, length, inter-stroke interval, peak cur-
rent, and charge transfer are all 1–2 orders of magnitude smaller 
than corresponding values for thunderstorm lightning. The charge 
transfer of the continuing current is also 1–2 orders of magnitude 
smaller. On the other hand, the speeds of stepped leader (dielectric 
breakdown) are similar between the two types of lightning. These 
observations suggest that the differences between volcanic light-
ning and thunderstorm lightning are predominantly derived from 
differences in length and time scales. This result suggests the ex-
istence of a scaling law in these lightning parameters (e.g., small 
lightning transfers small charges over a short time scale) regard-
less of the type of charged particles. The scaling relation may be 
controlled by the electric charge densities in thunderclouds and 
volcanic plumes (McNutt and Williams, 2010). The maximum elec-
tric ﬁeld (V/m) at the surface of a uniformly charged spherical 
volume of radius R is theoretically expressed as
E = ρR , (2)
3ε0where ρ is the space charge density (C/m3) and ε0 is the dielectric 
permittivity. The maximum ﬁeld between two uniformly charged 
spherical volumes of opposite polarity is twice this value. Assum-
ing that (1) the space charge density in a volcanic plume is higher 
than that in a thundercloud, and (2) the dielectric strength in the 
volcanic plume is similar to that in a thundercloud, then it follows 
that volcanic lightning occurs in cases of small R , which is consis-
tent with observations. The short length and small charge transfer 
of volcanic lightning at Sakurajima can be explained by the exis-
tence of many small charged regions with strong charge density. If 
the scaling relation holds, then the volcanic lightning reproduced 
in the laboratory by Cimarelli et al. (2014) may have occurred at 
stronger charge density. Further observations are needed to con-
ﬁrm this hypothesis. In particular, measurements of the charge 
densities in thunderclouds, volcanic plumes, and ash-laden jet ex-
periments would be required; these measures could then com-
pared with electric charge transfers and lightning lengths.
Dissimilarity from the general behavior above consists in light-
ning polarities (Table 2). This discrepancy may be related to dif-
ferences in electric charge structures between volcanic plumes and 
thunderstorm clouds, which is also indicated by the short length 
K. Aizawa et al. / Earth and Planetary Science Letters 444 (2016) 45–55 53and small charge transfer of volcanic lighting at Sakurajima. We 
posit that the electric charges in a volcanic plume have a complex 
structure, with many pocket-like clumpy charge regions, especially 
during the plume growth period. This idea was ﬁrst proposed by 
Behnke et al. (2013), based on observations of Redoubt volcano, to 
explain temporal changes in VHF source distributions. This com-
plex structure has also been proposed as a possible mechanism 
in volcanic lightning experiments (Cimarelli et al., 2014). Because 
the charges are highly disorganized in space, negative and posi-
tive lightning may occur at comparable frequencies. On the other 
hand, negative lightning dominates in thunderclouds (Rakov and 
Uman, 2003). Based on static vertical electric ﬁeld measurements 
at Sakurajima, Lane and Gilbert (1992) proposed bipolar charge 
structures in the plume, comprising a positive charge in an upper 
gas region above the plume and a negative charge in the plume 
itself. Miura et al. (2002) suggested a tripolar structure, consist-
ing of a positive charge in an upper gas region, a negative charge 
in ﬁne plume ash, and positive charge pockets in coarse ash at 
the base of the plume. However, the previously inferred ordered 
charge structures were determined by averaged observations made 
after the explosion, when the plume had already reached its buoy-
ant phase; ejected particles were already segregated by size, and 
gas had partly decoupled from the larger particles. Therefore, the 
charge structure at the inception of each explosion was not inves-
tigated. Based on the volcanic lightning observations, we suggest 
that the initial charge structure is highly disorganized and complex 
during the ﬁrst phase of plume growth, due to turbulent jetting. 
During this phase, most of the discharges are observed at 0–350 
m above the vent, where the maximum velocities of ballistic pro-
jectiles can reach up to 120 m/s (Cimarelli et al., in press).
The relatively large proportion of +CG in volcanic lightning 
may not be explained solely by complex charge distribution in 
the plume. Although charge structure is considered to be progres-
sively organized after an eruption onset, the occurrences of +CG
and −CG show a similar time dependence (Fig. 7b). This result 
indicates either that the gross charge structures estimated in pre-
vious studies (Lane and Gilbert, 1992; Miura et al., 2002) are not 
common during lightning occurrences, and/or that other factors 
contribute to the polarity of volcanic lightning. As an example of 
the latter, winter lightning in Hokuriku, Japan, is similar to volcanic 
lightning at Sakurajima, in that the proportion of +CG is very high 
(Takeuti et al., 1978), yet Brook et al. (1982) found strong correla-
tions between the fraction of positive ground strokes and vertical 
wind shear in the cloud layer. It has also been suggested that the 
proportion of +CG is high in severe thunderstorms, possibly due 
to the high content of liquid water and the broad size of the up-
draft (Carey and Buffalo, 2007). However, these relationships could 
not be investigated in this study. Future experiments will examine 
possible correlations between discharge polarity, wind shear, and 
plume dynamics.
Despite its small scale, volcanic lightning seems to generate 
a high number of return strokes (as estimated from Type A im-
pulses) per lightning event, which is comparable to the return-
stroke multiplicity of thunderstorm lightning. Although studies of 
thunderstorm lightning clearly demonstrate the relatively small 
number of return strokes in +CG (Rakov and Huﬃnes, 2003;
Saba et al., 2007), our observations differ in the sense that volcanic 
lightning at Sakurajima has, relatively speaking, many +CG events 
and many return strokes in a lightning event. This return-stroke 
multiplicity may also be related to the complex charge structure. 
Because the charges are highly disorganized in space, stepped lead-
ers may not carry charges effectively from a volcanic plume, con-
sequently resulting in multiple return strokes.
The physical properties and mechanisms of Type B discharges, 
which are interpreted as IC, remain unclear. Typical waveforms of 
meteorological intra-cloud lightning are similar to our observations (Kitagawa and Brook, 1960; Zhu et al., 2014). We speculate that 
Type B discharges may be similar to those of thunderstorm light-
ning (Kitagawa and Brook, 1960; Ogawa and Brook, 1964).
The scope of this paper is limited to a comparison between 
the physical properties of volcanic and thunderstorm lightning. 
Although the generation mechanism of volcanic lightning is be-
yond this scope, we brieﬂy make one remark on this topic. Fig. 7
shows that CG occurs mainly at 5–20 s after eruption onset. From 
similar results, Aizawa et al. (2010) suggested that a preparatory 
process, such as charge generation and/or separation, is required 
for CG lightning to occur and for corresponding MT pulses to be 
generated and recorded. Two possible mechanisms were consid-
ered for the generation of the necessary electric ﬁeld: continuous 
collision between particles in the plume, and gravitational charge 
separation. On the other hand, we occasionally observed numer-
ous small IC ﬂashes occurring just after eruption onset in NS 
videos (Supplementary material). This suggests that electriﬁcation 
may also occur in the crater, at the vent, and possibly within the 
conduit. Explosions at Showa crater are caused by the fragmen-
tation of semi-solidiﬁed magma plugs stagnating in the shallow 
conduit of the volcano (Yokoo et al., 2013). Thus, we do not ex-
clude magmatic fragmentation (e.g., Mather and Harrison, 2006;
James et al., 2008) as a possible electriﬁcation mechanism. In ad-
dition, seismic records show that eruptions at Sakurajima are pre-
ceded by precursory ‘explosion earthquakes’ that occur ∼1 s before 
the eruption (Tameguri et al., 2002). Although the nature of the 
‘explosion earthquakes’ has yet to be clariﬁed, the events occur 
at ∼1 km below sea level, which is the estimated depth of an 
aquifer beneath the volcano (Aizawa et al., 2011). Therefore, both 
magma–water interactions and the boiling of water, along with 
subsequent electriﬁcation, might occur at depth, at ∼1 s before an 
eruption. The previously suggested mechanisms (magma fragmen-
tation, boiling of water, magma–water interaction, and particle–
particle collisions; e.g., Buttner et al., 2000; James et al., 2000;
Mather and Harrison, 2006; James et al., 2008) may jointly con-
tribute to the electriﬁcation.
5. Conclusions
Volcanic lightning, and more broadly the electrical properties of 
volcanic plumes, are attracting increasing scientiﬁc interest, both in 
volcanology and other ﬁelds of inquiry, on account of the implica-
tions of such lightning for the origin and early evolution of life on 
Earth, as well as the impacts of volcanic lightning on the atmo-
sphere of Earth and other planets (Navarro-Gonzalez et al., 1998;
Mather et al., 2004b; James et al., 2008). However, due to the 
limited number of studies dedicated to volcanic lightning, the 
physical mechanisms and properties of such lightning have yet to 
be thoroughly explored. In this study, we conducted joint high-
sampling-rate MT and high-speed video observations to investi-
gate the physical properties of vent discharges and near-vent vol-
canic lightning at Sakurajima, Japan. Employing high-sensitivity 
and high-sampling-rate MT observations, we detected EM signals 
from volcanic lightning close to the crater. The detection eﬃciency 
depends on the signal-to-noise ratio between EM radiation from 
lightning and military VLF noise; 90.1% of optical emissions visible 
in normal-speed (30 fps) videos generate MT signals at approxi-
mately 2.2 and 3.5 km from Showa crater. By careful inspection of 
all MT waveforms that synchronized with the visible ﬂashes, we 
identiﬁed two categories of discharges. The ﬁrst consists of single 
or multiple impulses (Type A). Very luminous ﬂashes in the videos 
always correspond to Type A discharges. The second resembles EM 
variations with multiple peaks whose inter-pulse repose times are 
not well-characterized (Type B). By comparing MT data with video 
recordings, Type B discharges are interpreted as IC lightning. Ac-
cording to our observations, CG lightning always corresponds to 
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IC events exhibit Type A discharges. The estimated physical pa-
rameters are consistent with the picture that volcanic lightning is 
a miniature-scale equivalent of thunderstorm lightning in many 
respects. The overall duration, length, inter-stroke interval, peak 
current, and charge transfer all have values 1–2 orders of magni-
tude smaller than those of thunderstorm lightning. This suggests a 
scaling relation between volcanic and thunderstorm lightning pa-
rameters that is independent of the type of charged particles. On 
the other hand, polarity differ from thunderstorm lightning. We 
speculate that the difference is due to the complexity of charge 
structures within eruption plumes. Previous studies of volcanic 
lightning (e.g., reviews by Mather and Harrison, 2006; McNutt and 
Williams, 2010, and references therein) sometimes implicitly as-
sumed that volcanic lightning has a similar physical mechanism 
to thunderstorm lightning, but this has not yet been fully con-
ﬁrmed. Our observations presented here thus provide basic infor-
mation about the similarities of and differences between volcanic 
and thunderstorm lightning.
Joint MT and high-speed video observations provide constraints 
on the nature of volcanic lightning. Similar observations at other 
active volcanoes are encouraged to further constrain the physical 
properties of volcanic lightning. In addition, observations at higher 
sampling rates (over 100 kHz) would provide more detailed infor-
mation, such as the evolution of lightning channel, precise stroke 
waveforms, and better characterization of IC discharges. Neverthe-
less, both kinds of observations present some limitations. Despite 
their detailed precision in picturing the electrical discharges, HS 
video observations cannot capture all lightning, being limited to 
visible ﬂashes around and within the plume. MT data also have 
limited utility for accurately locating events, as vertical lightning 
must be assumed. Although time-of-arrival techniques are feasible 
in MT, they require observation sites located far from the crater, 
which would greatly reduce sensitivity. Further collocation with 
VHF or LF/MF lightning locating systems would thus be a useful 
innovation to be investigated in future work.
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